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ABSTRACT 
The na ture an d  role s of the h ig, free a mino ac id l e ve l s foun d in the 
haemoly mph of in sec ts is poorly un der sto od. In or der to e l ic it aspec ts of the 
reg ula tion an d me tabol ism of hae mo ly mph free a mino ac ids, we ha ve mea sure d 
the concen tra tion s, half-l ive s, turno ver ra te s  and ra te s  of incorpora tion in to 
hae moly mph pro te ins for e ig, t  a mino ac ids in the tobacco hornwor m, M mduca 
� immed ia te ly pr ior to and throughou t the l ar va l-pupal tran sfor ma tion. 
Throughou t th is per iod the concen tra tions of alan ine, arg in ine, glu ta ma te,  
h istidine, leuc ine, ly sine, pro l ine and val ine each exh ib ited stage spec if ic 
var ia tions see mingly indepen den t of bloo d vo lu me s  an d le ve l s of o ther a mino 
ac ids. Half- l ive s  for these a mino ac ids a lso exh ib ited repro ducible stage 
spec if ic var ia tions ind ica ting in depen den t regu la tion. Half-l ive s  de monstra te d  
a w ide ran ge of u til iza tion (2- 1 70 hour s) and do no t chan ge in para l le l  fa sh ion 
for the a mino ac ids in ve stigate d. C onc lu sion s drawn fro m th is stu dy are tha t  
a) a mino ac ids are regula ted and b) al thoug, so me a mino ac ids such a s  h istidine 
appear to be store d  in hae moly mph, most are dyna mica l ly  ma in ta ine d an d mu st 
be ma jor de ter minan ts of in sec t ho meo sta sis. 
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I .  INTRO DU CTION 
The concentrat ions of am ino ac ids in t issues and haemolymph from a 
wide range of insect orders exemp lif ied b y  numerous spec ies at selected stages 
in development have been publ ished (see c itat ions in Flork in, 1 959; Wyatt, 
1 96 1 ; F lork in and Jeun iaux, 1 974 ). In general, these st udies have been toxonom ic 
rat her than phys iolog ica l in out look in that they descr ibe the d istr ibut ion of 
am ino ac ids at a s ingle po int in t ime (see Sutc l iffe, 1 963 ). Am ino ac id 
metabol ism and regu lat ion in insects are poor ly descr ib ed  (see however Aucla ir, 
1 959; Wh itehead, 1 969; Desa i and K ilby, 1 958; Pr ice, 1 96 1 ;  Chen and Bachmann-
D iem, 1 965 ), w ith few measurements hav ing been made of am ino ac id fluxes 
throug h haemolymph or whole body pools (see Lev enbook and Dinamarca, 1 966; 
Co l lett, 1 976; Irv ing, Osborne and W ilson ,  1 979 ). The concentrat ion changes 
of am ino ac ids in h aemolymph dur ing de velo pment are record ed w ithout 
references to quant ity ( i.e., as the contr ibut ion of the blood volume to the 
unit body we ight ch oog ed?) or met abo l ic fl ux (tu rnover ). 
Wh ile  the stat ic nat ure of haemolymph sugar is often impl ic it in the 
many reports a ppear ing on the s ubject in the l iterature, that for free am ino 
ac ids is qu ite exp l ic it. In a volume on insect phys iology, Patton ( 1 963 ) w rites: 
••• the values (of am ino ac ids ) for the blood of immature 
stages have been se l ected, the reas on be ing t hat these 
val ues are more l ike ly to rema in constant thm those of 
ad u  It blood •••• 
One char acter ist ic of am ino ac idem ia in the blood 
of insects is its constancy ••• free am ino ac ids found in 
the blood in t he l argest quant it ies are not t hose am ino 
ac ids essent ia l  to the nutr it ion of the insect. From th is 
it can be suggested that t he h igh am ino ac id 
concentrat ion in the blood of insects represents the 
storage of n itrogenous mater ials that can be draw n upon , 
accord ing to the ne eds of the t issues ••• or it m ay ind icate 
t hat an exces s of am ino ac ids are produced from the 
d iet and that the am ino ac ids are stor ed in blood unt il 
they can be e l im inated •
•• 
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This view was further supported even by Wigglesworth (1965) who, in discussing 
hoemolymph amino acids, included examples that demonstrate the passive nature 
and putative storage functions of hoemolymph: 
There seems to be no exact regulation of the amino acid 
patterns: the hemolymph of the aphid Me�uro contains 
the same amino acids as honey dew a in similar 
concentrations (Ehrhardt, 1962). If Rhodnius is fed on 
horse serum with added alanine, olcrune appears in the 
hoemolymph within a few minutes ood in the urine in 
half m hour, but the high level in the hoemolymph 
persists for weeks (Harrington, 1961 ). 
In this study, the rates of turnover and the half-lives of eight hoemolymph 
amino acids were determined in haemolymph from the tobacco hornworm, 
Monduco sexto, immediately before and throughout the larval-pupal 
transformation. The questions I posed were: 
I. whether these amino acids ore regulated statically or dynamically 
(i.e., do haemolymph pools represent sinks in which levels change only with 
tissue needs, or ore they in constant dynamic interaction with tissues), 
and 
2. whether stage specific changes in amino acids occur independently, 
3. to what extent ore the changing titers of free amino acids reflections 
of changes in absolute and relative hoemolymph volumes. 
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I I. MATERIALS AND METHODS 
Genera l Procedures 
Tobacco hornworms (Manduca sexta L. ) used in these e xper iments were 
laboratory reared on the wheat germ-case in d iet of Be l l  and J oach im ( 1 976 ) 
as mod if ied by B wm hover, et a I .  ( 1 977 ) under a 1 6L :8D photoper iod (photophase 
in it iated at 0600 A zn and 60 % re lat ive hum id ity. Hornworms were staged 
accord ing to the cr iter ia summar ized in Jungreis ( 1 979 ). Mature feed ing f ifth 
instar larvae were f irst stud ied about 24 hours after excret ion of frosted frass 
(average we ight = 9.2 ± .3 gm ), and throughout pharate pupal de vel opment 
(Jenk in and H inton, 1 966 ) from the onset of wander ing or the p ink str ipe stage 
(N ijout and W il l iams, 1 974 ) to the day before the larval-pupal ecdys is (p ink 
str ipe + 4 days ). Hornworms were adm in istered am ino ac ids at 1 400 AZT. 
Fo l low ing var ious per iods of incubat ion, haemolymph and moult ing flu id from 
insects that had been ch il led in crushed ice for 5- 1 0  m inutes were co l lected 
fol low ing procedures out l ined in Jungre is ( 1 978 ). (Mou lt ing flu id was col lected 
on P ink Str ipe + 3-4 days on ly. ) Flu ids co l lected from ind iv idua l  insects were 
a lw ays treated separate ly. 
Am ino Ac id Ana lys is 
The concentrat ions of am ino ac ids were determ ined in f ifth instar larvae 
and on each day of the larva l-pupal transformat ion (LPT ). Fluids were 
centr ifuged at up to 1 000 x g for 5- 1 5  seconds to remove ce l ls, ce l lu lar debr is, 
and insoluble phenylth iourea. A l iquots (90 m icrol iters ) were transferred to 
c lean m icrocentr ifuge t ubes and 1 0  m icro l iters of 30 % (w:v ) 5-su lfosal icy l ic 
ac id, SSA, (P ierce Chem ica l C orp. Rockford, I I ), pH 2. 1 ,  were added to 
prec ip itate the prote in. Ten m inutes after add it ion of SSA (f ina l concentrat ion 
of 3 % ), samples were recentr ifuged at 8000 x g for 2 m inutes at room 
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temperature and separate 50 microliter aliquots of the supernatant fractions 
were pooled and frozen at -250C until analyzed. 1-taemolymph from three to 
six individuals were pooled at each stage of development. During secretion 
and resorption of moulting fluid, haemolymph and moulting fluid, respectively, 
were collected from 75 individual animals (equal numbers of early, middle and 
late moulting animals; pink stripe +2, 3 and 4 days; see Jungreis, 1978); pooled 
(taking an equal contribution from each) and assayed. Prior to chromatographic 
analysis, residual precipitate was removed from pooled supernatants by 
centrifugation at 12,000 x g for 5 minutes at 230C. Sample pH's were then 
remeasured and if necessary adjusted to pH 2.1 by addition of 4% (w:v) lithium 
hydroxide or 3% SSA. Aliquots of 5-40 microliters of the pooled s�natants 
were then analyzed in a Durrham D-500 Amino Acid Analyzer by the five­
buffer procedure of Lee ( 1974) as described in Jungreis and Omalianowski 
( 1980). The spectra of the eluted samples were compared with 5 microliters of 
a standard solution containing at concentrations of I mM approximately 75 
amino acids, amino sugars, amino acid analogues and urea cycle intermediates. 
Agreem·ents between the two sample volumes and between pooled samples at 
the same stage in development were within 4% for the amino acids investigated. 
Hoemolymph amino acid concentrations previously determined only at selected 
stages in M. sexta development (Taylor, 1979 ; Riddiford, 1980) were confirmed 
and extended by this analysis. 
Determination of Half-lives 
Half-lives and turnover of selected amino acids in the haemolymph were 
determined using 3H (specific activity 5-16 Ci/mMole) or 14c (specific activity 
350-400 mCi/mMole) labelled amino acids (New England Nuclear). Alanine, 
arginine, glutamine (glutamate), histidine, leucine, lysine, proline and 
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valine were stlx:lied because they are present in significant (mMolar) 
concentrations in the haemolymph. On each day of development, fifteen 
animals were injected with 0.2 microcuries 3H-, or 0.1 microcuries 14C-Iabelled 
tracer (25-65 J,JI). Haemolymph was then separately collected from five animals 
after three, six and nine hours. The time of initial collection, 3 hours, was 
chosen both to allow for complete equilibration of the label in haemolymph 
(see Williams-Boyce and Jungreis, 1900), and because other amino acids were 
found to have half lives on the order of 3-5 hours (Jungreis, unpublished). The 
three hours duration periods between sample collections were chosen to more 
accurately measure turnover. Longer collection times could not be employed 
due to continued development in the hornworms administered amino acids. 
Blood was collected from insects by making an incision above the dorsal 
aorta through the dorsum. Drops of haemolymph were collected on parafilm 
over ice and phenylthiourea (PTU) was added to prevent melanization. 
Haemolymph from each animal was then centrifuged to remove haemocytes or 
undissolved PTU. Haemocyte numbers in M. sexta increase during the larval­
pupal transformation (Jungreis and Omalianowski, 1900). However, the 
contribution of haemocyte free amino acids to the total amino acid pool can 
be neglected because maximal cell volumes are only 0.006-0.03% of the total 
haemolymph volume (Jungreis and Omalianowski, 1980). 1-iaemoplasm 
supernatants were decanted and separated into two aliquots. One aliquot was 
used to determine total isotope per unit volume, while the second aliquot was 
deproteinated with SSA. Protein free supernatants were frozen at -25°C prior 
to analysis for radioactivity. 
The proportions of unmetabolized amino acids in relation to total 
radioactivity in the deproteinated fractions were determined after Haer (1969) 
by thin layer chromatography on Gelman ITLC, type SA, thin layer plates with 
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e ither n- butanol:gl ac ia l  acet ic ac id:water (4: I :  I ,  v:v:v ) or propanol :water (7:3, 
v:v) so lvent systems. Deprote inated fract ions of haemoplasm were concentrated 
at S0-75 °C and 20ps i  vac wm unt il 1 00  �I possess ed ca. 6000 dpm. F ifty 
m icro l iters of each am ino ac id sample were then spotted f ive m icrol iters at 
a t ime to ind iv idual  th in l ayer p lates. A ppropr iate rad ioact ive am ino ac id 
standards (New England Nuc lear ) were then spotted on each plate. Standards 
were a lso add ed to deprote inat ed haemopla sm and concentrat ed at 75 °C, 20ps i 
to a spec if ic act iv ity equa l to that of co l lected samples. The th in layer plates 
were a l lowed to run to a 15 em solvent front and Rf 's determ in ed  from am ino 
ac ids standards were employed to loca l ize the unmetabol ized am ino ac ids. 
Percentages of unmetabol ized am ino ac id were calcu lat ed from the fol lowing 
formula: 
% am ino ac id rema in ing = dpm recovered as am ino ac id 
toto I dpm in 50 J.J I 
1 00 %  Eq. I .  
The percentages obta ined were then used to ca lcu late am ino ac id spec if ic 
act iv it ies in sampl es count ed for ha lf- l ife determ inat ions. I ncorporat ion of 
am ino ac ids into haemoplasm sol uble prote in was measured with the a id of 
Equat ion 2: 
% am ino ac id incorporated into prote in = 
rote inat ed hermo l asm 
X J00 % Eq. 2. 
The patte rn of am ino ac id uptake from haemolymph was found to f it an 
e xponent ial equat ion: 
N = Nc,e -kt Eq. 3. 
where No is the in it ial dpm concentrat ion, t is the t ime s ince inject ion of 
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label, and k is the decay constant (see Figure I ). By setting N = 1'2 N 0, a ha lf -
l i fe can be ca lcu lated. Data was log transform ed to fac i l itate l inear regression 
a nalysis. 
In N /N 0= -kt Eq. 4. 
Linear r egression analysis using Student's 't' distribution a nd  the method 
described by Sokol and R ohlf ( 1 969) was perform ed on this transform ed data 
for each amino acid at every stage of the larval-pupal transformation (Figure 
2). U nder idea l  circumstances, an ami no acid shou ld go through at least one 
half-l ife during the period of measurement. However, it was not feasible to 
fol low this procedure on amino acids with long ha lf-lives, such as histidine, as 
estimat ed half-l iv es greatly exceed ed the developmental period (24 hours) under 
measurement. Fail ure to inc lude at least one biologica l  ha lf-l i fe during the 
9 hour period of measurement endows the calculat ed ha l f- l ife with a substantia l 
95 % confidence interva l about the regression l ine of � to 25 %. The information 
obtain ed for such amino acids is useful in that a roug, estimate for the ha lf-
l i fe is st l l  obta ined. Quantitative measureme nts of turnovers for each amino 
acid were calculat ed using ha l f-lives from Equation 4, their haemolymph 
concentrations and a knowl edge of the blood vo lume (Wi l l iams- Boyce md 
Jungreis, 1 9 81 ). 
Turnover rate =concentration of ami no acid x st,e specific bloo d volume 
FICllf-lite x 
Eq. 5. 
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Fi gure I .  Typica l  plot of data to the e xponential decay equation (Equation 
3 ). Shown here is the fit of 1 4c-proline data co l lected from pink stripe + 
one day and fitted to an equation N = 26 1 3  e -O. I I t. At three, six and nine 
hours, means ± 95 % confidence interva ls for five different an imals are plotted 
(to tal  n = 1 5 ). 
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F igure 2. F it of log transform ed data for 1 4C-prol ine on p ink st ripe + I day 
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I l l. RESULTS 
Am ino Ac id Analys is 
The concentrat ions of am ino ac ids in haemolymph were measured on each 
d ay  of the l arva l-pupal transformat ion (F igures 3 cind 4). The concentrat ions 
of al cnine, l euc ine, glutamate, h ist id ine, pro l ine and lys ine al l exh ib ited 
substant ive dec l ines betwe en the fe ed ing f ifth larval and the p ink str ipe stages. 
Val ine and arg in ine d id not dec l ine. Such dec l ines were not e xpected, as the 
h aemolymph volume does not change s ign if icantly at th is t ime (W il l iams-Boyce 
and Jungre is,  1 980). Towards the end of the LPT, concentrat ions of the 
respect ive am ino ac ids increase unt il l evels equal to or exce ed ing those 
character ist ic of feed ing larvae are aga in present. S ince normal ized blood 
volumes dec l ine some 50 % dur ing the LPT (3.97 to 2.00 m ls, W il l iams-Boyce 
and Jungre is, 1 980), tota l quant it ies of free am ino ac ids in haemolymph were 
ca l culated at each interm ed iate stage of the LPT to prov ide a more accurate 
p icture of metabol ic change (Table 1 ). Expressed as q uant it ies of am ino ac id 
per animal,  the two most notable features of these pool s ize measurements 
are that each am ino ac id exh ib ited apprec iable day-to-day variat ions, and 
further that these var iat ions appear ed independent of one another. H ist id ine, 
the am ino ac id present at a concentrat ion of 1 8  mM, was invar iant dur ing the 
LPT, w ith daily quant it ies of 50 m icromoles /an imal cons istent ly recorded. 
Fol low ing an in it ial dec l ine between the feed ing larval and PS stages tota l 
quant it ies per an imal of lys ine and aln ine rema in ed  constant unt il the p ink 
str ipe + 3 days and p ink str ipe + 2 days, respect ive ly. On the other hand, 
prol ine exh ib ited a pprec iable var iance thro ughout the LPT. After an in it ia l 
decl ine from 2.2 to 0.4 m icromoles /an imal at the PS stage, glutamate 
quant it ies increas ed progress ively unt il a 30 fold increase w as noted 
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F igure 3. Concentrat ions of va l ine, alan ine, leuc ine a nd  glutamate in 
(Y). 
haemolymph of Man duca sexta in fee d ing� larvae and in pharate pupae \...-
throughout the larva l-pupa l transformat ion. Values are means + stan dard 
dev iat ions for 5 pools of hemolymph co l lect ed from 3-6 an imals per pool in 
feed ing larvae, p ink str ipe and p ink str ipe + one day stages; 2 pools from 5-
6 an ima ls on p ink str ipe + 2 or 3 d ays; a nd  2 pools from 1 5  or 75 an imals per 
pool on p ink str ipe + 4 days. A =va l ine B = alan ine C = leuc ine D =glutamate 
¢ 
r-
5 
� 
� 
E 
'-' 4 
z 
0 -
1-
<( 3 
a: 
1-
z 
w 
(.) 2 
z 
0 
(.) 
1 
A I - - - - - :-· - I, \ 
\ 
\ 
\ 
\ 
\ 
\ 
B. 
I \ 
c._ --- ...... 
..... .. 
....... 
\ 
\ I---
- -....... -...... -....... -
........ 
-
D' 
-........ 
............_ · --
� 
� - ----a---
, 
, / 
/ 
/ 
/ 
/ 
/ 
/ I 
I 
I 
I 
/ 
1 
I 
-----/--! 
I 
I 
I 
I 
feeding 
fifth instar 
pink stripe pink stripe 
& 1 day 
pink stripe 
& 2 days 
pink stripe pink stripe 
& 3 days & 4 days 
STAGE 
(V} 
Q) s... ;::::, 
0> 
.,... 
LL.. 
I S  
F igure 4. Concentrat ions of h ist id ine, prol ine, l ys ine and arg in ine in haemolymph 
of M. sexta col lected from feed ing larvae and in pharate pupae throughout 
the l arval-pupal transf ormat ion. See legend F igure 3. A = h ist idne 8 = prol ine 
C = l ys ine D = arg in ine 
I.D .--
" 
� 
E 
"""' 
z 
0 -
1-
<( 
a: 
1-
z 
w 
(.) 
z 
0 
(.) 
30 
20 
10 
AI-
• 
• 
B! 
feeding 
fifth lnstar 
... 
' 
� I , 
'-:'"!:I , 
, 
, 
, 
,-1-------
, l 
, 
, , , 
, 
_J_ 
' 
--
1- - -__::::: -==---1� . -4- =-1 
' 
--
- -
--�-- -- -
--
- -
pink stripe pink stripe 
& 1 day 
pink stripe 
& 2 days 
STAGE 
pink stripe 
& 3 days-
pink stripe 
& 4 days 
"d" 
Q) s... :::J 
Ol .,... 
u.. 
1 7  
imm edia te ly before the larva l-pu pal ecdysis ( Table, I Jungreis and Omalianowski, 
1 9 80). The quan ti ty of pro l ine in haemolymph dro pped from i ts maximum of 
31 micromol es per an imal in fe eding larvae to only 4.2 micromoles a t  the pink 
s tripe s tage. Since pro l ine u ti l iza tion has been implica ted as a primary s ubs tra te 
for in tense energy requiring ac tivi ties such as fligh t (Hargrove, 1 975; Brouwers 
and DeKor t, 1 97 8; Weeda, 1 979; Mordue and DeKor t, 1 977), i ts dissappearance 
from haemolymph a t  th is time cou ld be rela ted to enhanc ed energy e xpe ndi tures 
ass ocia ted wi th wandering. In con tras t to the other amino acids s tudi ed in 
M. sex ta, the quan ti ty per animal of argini ne increas ed be twe en the fe eding 
larva l and the pink s tr ipe + 2 days s tages (5.3 to 14.2 micromoles /an imal), 
where upon i t  began to dec l ine un ti l  a value of 7. 8 micromol es per an imal was 
measured on pink s tri pe + 4 days. 
Ha lf-l ife and Turnover De termina tion 
S tage specific ha lf-l ife de termina tions are i ndependen t of b lood volume 
or pool size and are unaffec ted by overes tima ti on  or underes tima tion of these 
fac tors. The ca lcula ted ha lf-li ves of eig, t amino acids measured before and 
throughou t the larva l-pupa l transforma tion in M. sex ta reflec t the changing 
pa tterns of me tabo lic ac tivi ty (Figures 5- 8). During the LPT, ha lf-l ives 
genera l ly remai ned ei ther cons tan t ( valine,  l eucine) or showed a tendency 
towards increase (e.g. arginine). Alanine is presen t in hemolymph a t  rela tively 
cons tan t quan ti ties , ye t i t  a l ways had a ha lf-life under 2 hours, wi th on ly 5 %  
of the ini tial label remaining af ter 3 hours. These r esul ts confirm s tudies of 
rapid alan ine turnover in who le bodies of Phormia (Levenbook md Dinamarca, 
1 966) a nd  in haemolymph of Cal l iphora (Co l le tt, 1 976). Levenbook and 
Di namarca ( 1 966), who de tec ted subs tan tial label releas ed as 1 4co2, proposed 
a me tabol ic re la ti onship l inking 1 4co2 produc tion to alanine ca tab olism md 
1 8  
Table I .  Quan ti ties of amino acids i n  haemolym ph of M .  sex ta throughou t 
the lar val-pu pal transforma tion. Quan ti ti es were ca l cUTa te<rTr om known 
concen tra tions and s tage sp ecific blood vo lumes (c.f. Wi l liams-Boyce &. Jungreis,  
I 9 00). 
Feeding Pink Pink Pink Pink 
Fif th Pink S tri pe S tri pe S tri pe S tri pe 
Ins tar S tri pe +I D ay  +2 D ays +3 Days +4 Days 
Al anine I I  .0 9.0 9.3 5.0 6.2 6. 1 
Argin ine 5.3 7.6 9.0 1 4.2 1 0. 8  7 .8  
Glu tama te 2.2 0.4 0.5 I .  I 6.3 1 2.4 
His tidine 63. 1 40. 1 55.4 50.0 55.6 55.0 
L eucine 8.3 7. 1 3.7 4.4 8.7 5.5 
Lysine 1 3.3 8.3 8. 1 8.0 1 2.0 7. 8 
Prol ine 3 1.3  4.2 7.7 8. 1 1 9.2 23. 8 
Va l ine 1 9.0 2 1 .4 6.4 6.2 11 . 8  9.0 
S tage 
Specific 
Vo l ume of 3.65 3. 97 3.20 2.76 2.60 2.00 
Haemo-
lym ph 
(mls) 
1 9  
Figure 5. Ha lf  l ives for pro l i ne a nd  leucine in fe eding fif th i ns tar larvae and 
in phara te pupae throughou t the lar val -pupal transforma tion. Half  l ives were 
de termin ed  using i ndivid ua l ly co l lec ted a nd  analys ed haemolymph from I S  
animals at  each s tage of the larva l -pupa l transforma tion and at  the feeding 
lar val s tage. Va l ues are Means ± s tandard devia tions. A = pro l ine B = leucine 
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Fi gure 6. Ha lf l ives for h is tidi ne in fe eding fif th i ns tar larvae a nd  phara te 
pupae throughou t the larva l-pupa l transformai ton. See l egend for Figure 5. 
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Fi gure 7. Ha lf  l ives for va l i ne a nd  glu tama te in fe eding fif th ins tar larvae 
and phara te pupae throughou t the larva l-pupal transforma ti on. See l egend for 
Figure 5. A = va l ine B = glu tama te 
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Fi gure 8. Ha lf  l ives for arginine a nd  lysi ne in fe eding fif th ins tar larvae and 
phara te pupae throughou t the lar val-pupa l  transforma tion. See l egend for 
Figure 5. A = arginine B = lysine 
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02 �take. Using Ca l l iphora adu l ts, Col lett (1 976) could recover only 2 %  of 
the initial  free alani ne label in haemolymph after 2 hours. In contrast, histidi ne, 
h ad  an absurdly long ha l f-l ife throughout the LPT ( up  to 170 hours), i ndicating 
storage in hemolymph and a putative ro le in osmotic regu lation. In fact, large 
quantities of h istid i ne are excret ed in meconium of M. sexta fo l lowing adult 
eclosion (Levenbook, Hutchi ns and Bauer, 197 1 ). A recent study on 
osmoregu lation in crickets by Woodring and Blakeney (1980) , provided evidence 
in support of the contention that only a smal l  number of the avai lable amino 
acids are actua l ly  uti l i z ed for this purpose. Rather, only those amino acids 
present in greatest quantiti es would ser ve in m osmoregula tory capacity. In 
Acheta , prol ine was found to serve this f unction. Histidine,  quantitative ly the 
largest contributor to tota l free amino acids in haemolymph of M. sexta , cou ld 
function in m osmoregul ation capac ity, since its half- l ife in relationship to 
other haemolymph amino acids is long. As one wou ld predict from the very 
low quantities present in haemoly mph at this time (0.4- 1 . 1  micromoles per 
an imal ), glutamate exh ibited a short ha lf-l ife (3 hours) during the first three 
d ays of the LPT. When the concentration of glutamate rose initia l ly at P 5+2 
days, it was accompan i ed  by a rise in the ha lf-l i fe to I I  hours. However, as 
its q uantit y in bl ood c ontinu ed t o  r ise on P 5+3 or P 5+4 da ys, the h alf- l ife of 
g lutamate fel l  to on ly 4.5 hours, s uggesti ng a major shift in glutamate 
uti lization. Increases in the quantity per an imal of glutamate indicates a 
temporary dec l ine in glutamate ut il ization on P 5+2 days, with its consequent 
increase in the haemolymph glutamate pool size. Co upl ed  with a much shorter 
ha lf-l ife on P 5+3 days, it becomes c lear that glutamate uti l i zation must increase 
at least four fold. Turnover calculations demonstrate a ten fold in crease on 
P 5+3 days and a 25 fold increase on P 5+4 days. Half-l ives of other ami no 
acids do not fol low pr edictable patterns, each occurring independently of each 
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o ther. Pro l ine, va l ine a nd  leucine ha lf- l ives remain re la tive ly cons tan t 
throughou t the LP T a t  around 5-7 hours. Lysi ne and arginine ha lf-lives increased 
sligh tly as ecdysis a pproach ed. In Table 2, half-l ives for these same amino 
ac id are reca lcu la ted as turnover ra tes usi ng Equa tion 5. 
Turnover calcula tions, un l ike ha l f- l ife de termina tions, c an  be severely  
affec ted by errors in es tima tion of  bo th blood volume and concen tra tion. Thus 
care was tak en bo th in s taging a nd  rearing of an imals to min imize these 
effec ts. ln terconversion of amino acids and genera tion of me tabol ic produc ts 
in haemolymph may produce a significan t underes tima tion of bo th ha lf- l ife and 
turnover. Therefore, the puri ty of label ed amino acids in haemolymph was 
es tima ted fol lowing thin layer chroma tography . 
Incor pora tion of Amino Acids in to Haemolym ph Solub le Pro tein 
Incorpora tion of amino acids in to haemolymph so lub le pro tein occurs a t  
variable ra tes ( Table 3) depe nding upon s tage in deve lopmen t and ami no acid 
ti ter. Decreases in the ra tes of incorpora tion were exh ibi ted in the transi tion 
be twe en the fe eding fif th larva l s ta ge  a nd  the PS or PS + I days s tages of 
deve l opme nt. Lysine remained fair ly cons tan t a t  ab out 0.25-0.30 micromoles /hr­
an ima l thro ugh out the LP T, whereas pro l ine a nd  glu tama te dropp ed to very 
low leve ls (0.0 1 -0. 1 0  micromoles /hr .-an imal) through PS +2 days before increasi ng 
30 a nd  5 fold r espec tively (0.3 and 0.5 micromoles /hr-an imal) a t  PS +4 days. 
Incorpora tion of l eucine, voline and arginine in to pro te in af ter the feeding 
larva l s tage remain ed depress ed through out the larval-pupal transforma tion. 
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Ta ble 2. Rates of turnover of select ed ami no acids in ha emol yrpph of M. 
sexta through out the LP T. Val ues are e xpress ed as micromol er ..,....... an ima pt 
as ca l culated from Eq uation 5. 
Arginine 
Glutamate 
Histidine 
Le ucine 
Lysine 
Pro l ine 
Va line 
Feeding 
Fifth 
Ins tar 
.35 
.34 
1 .35 
.86 
1 .42 
3.07 
1 .32 
Pink 
Stripe 
.69 
.06 
. 1 2 
.59 
.78 
.64 
1 .78 
Stri pe 
+I Day 
.26 
.06 
1 .54 
.35 
.55 
. 6 1  
.42 
Pink 
Stri pe 
+2 Days 
.5 1 
.OS 
.89 
.38 
.37 
.86 
.49 
Pink 
Stri pe 
+3 Days 
.45 
.57 
.63 
1 .08 
.55 
2.00 
1.69 
Pink Pink 
Stri pe 
+4 Days 
. I  I 
1 . 35 
.71 
.46 
.44 
I .  77 
.79 
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Ta ble 3. Inc orporation of amino acids into haernolymph solu ble protein in M. 
sexta thro ugh out the lar val-p upal transform ation. Va lues are e xpresses as 
rTi'i'CrOmoles hr- 1  an ima l- 1 as ca l culated using Equation 2. 
Argini ne 
Glutamate 
Histidine 
L euc ine 
Lysi ne 
Prol i ne 
Va li ne 
Fe eding 
Fifth 
lnstar 
.29 
.09 
.85 
.32 
.38 
.19 
.32 
Pink 
Stri pe 
.34 
.0 I 
.09 
.35 
. 1 9  
.06 
. 1 3 
Pink 
Stri pe 
+I D ay  
. 1 6  
.0 I 
.69 
.10 
.28 
.08 
.08 
Pink 
Str ipe 
+2 D ays 
. 1 9  
.03 
.44 
.I I 
.22 
. I  I 
.08 
Pink 
Str ipe 
+3 D ays 
.09 
.24 
. 1 8 
.2 1 
.26 
.24 
.08 
Pink 
Str i pe 
+4 D ays 
. 1 2 
.54 
.2 1 
. 1 5  
.29 
.33 
. 1 3  
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IV. DISCUSS IO N  
The nature and ro les of the high concentrations of amino acids in 
haem opla sm and cel ls of insects have been the su bject of numero us studies 
and reviews (see citations in Hackman, 1956; Duchateau and Florkin, 1958; 
Wyatt, 1961; Begg, 1962 ; Ganti, 1963; Schaeffer, 1964; Coles, 1965 ; Pickett, 
1966; Chaput and Li les, 1969; Stidham and Li les, 1969; Uhler et a l., 1971; 
Leader, 1972; Ik on, 1973; Barrett, 1974; Barrett and Lai-fook, 1974; Florkin 
and J euniaux, 1974; Col lett, 1976; Fir l ing, 1977; Jungre is, 1978; Staddon and 
Everton, 1979; I rving, Wilson and Os borne, 1979; Jungre is, 1980). In these 
stud ies, stage, diet and species spec ific concen trations of se lected free amino 
acids were seemingly sho wn to remain constant. Since mem bers of d i fferent 
orders of insects and eve n with in orders display a wide range of concen trations, 
these o bservations of presumptive constancy were then employ ed to va l idate 
haemo lymph free amino acids as taxonomic too ls for classi fying insects and 
other arthropods (Micks and Gi bson, 1957; Sutc l iffe, 1963). For example, 
representative species in  primitive orders such as Odonata and Orthoptera have 
quantities of amino acids in haemolymph that contri bute as l ittle as 8 %  of 
the tota l osmotic equiva lents, whil e  in more advanced orders such as 
Lepidoptera, Diptera and Co leoptera, this contri bution of ten reaches 40 % (see 
Duchateau and Florkin, 1958). Although fates of amino acids and their leve ls 
in haemolymph are associat ed with various physiological functions: e.g., the 
use of pro l ine and /or alan ine as major energy s ubstrates during f l ight -Hargrove, 
1975; Brouwers and Dekort, 1978; W eeda and Dekort, 1979; Mordue and Dekort, 
1977; as indicators of meta bol ic s cope -Sch oeffer, 1964; Pickett and Friend, 
1966; Rock and Ho dgson, 1970; as determinants in the regulation of haemolymph 
osmolality--Begg and Cruickshank, 1962; Leader and Bedford, 1972;  Cham ber l in 
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and Ph i l lips, 1980; Woodring and Blakeney, 1980; as precursors in cuticle 
formation -Leven book, 1969; Anderson, 1977, Koeppe and Gi l bert, 1974; and as 
precursors in fi broin synthesis prior to and during spinning in Bom byx-see 
c itations in F lorkin and Jeuniaux, 1974, the wide range of concentrations 
between spec ies and amongst stages within indivi rua l  species has made it 
d ifficult to make genera l statements a bout the roles of free amino acids in 
insects. 
The apparent constancy of amino ac ids in a spec ies can be demonstrated 
only with reference to particular stages of devel opment. Extensi ve research 
on whole body and haemolymph amino ac id levels during deve l opment and aging 
has reveal ed dramatic and seemingly independent changes of most free amino 
ac id leve ls. Character istic stage and species specific patterns of haemolymph 
(and cel lular) amino acids have been determin ed  in on ly five insect orders: 
a) Diptera, as exempl ifi ed by Drosophila  and Culex (Chen, 1960), A edes a egypti 
(Micks and E l lis, 1 952; Sti <flam Cf'ld Li l es, 1 969 a and b; Chaput and Li les, 
1 969), Cor cyra cephalonica (Gant and Shanmugasandaram, 1963) Phormia regina 
(Leven book, 1966), Ca l l iphora (Hackm an, 1 956; I rving, Wi lson and Os borne, 
1 979), Chironomus tentans (Fir l ing, 1 976), b) Lepidoptera, Bom byx mori (Fiorkin, 
1959; Wyatt, et al., 1956), Galleria mellonella (Auclair and Dubreuil, 1952), 
Macrothylac ia rubi (Dr il hon, 1 952), M mduca sexta (Jungreis, 1980), c) 
Coleoptera, Leptinotarsa deci ml i neata (Dekort and Kramer, 1 976), d) Hemiptera, 
Rhodnius pro l ixus (Barrett, 1973) and e) Orthoptera, Melanoplus differential is 
(Fu, 1 957). The stage specific constancy of amino ac ids reflects an overa l l  
balance betwe en storage, meta bol ism and excretion at these stages and leads 
one to project extensive homeostatic control .  
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The consistent presence of stage specific concentrations of free amino 
ac ids in haemolymph of M. sexta argues for tight rather than loose homeostatic 
control .  Aspects of  this regula tion in  various insects have been e licited through 
various types of experiments: 
I .  Changes in diets (i nclud ing star vation) whose amino acid availa bi l ities 
differed , fol lowed either by an a nalysis of haemolymph amino acid concentration 
changes and /or ana lysis of l imitations to proper deve lopment (Burse l l , 1963; 
Strong , 1964; K esting and McGinnis , 1966; Rock and King , 1968; Rock and 
t-lodgson , 197 1; Bos qvet , 1977; Woodring and Blak eney , 1980). 
2. Admin istration of radi oactive ly la be l led amino acid(s) or pepti?es to 
animals , fol lowed by ana lysis of any or a l l  tiss ues for la be l , as we l l  as analysis 
of excreta and /or respiratory products (Dinamarca and Lev en book , 1966, Stidham 
and Li les , 1969; Lang ley and Pimley , 1974; Moloo , 1977; Col lett , 1976; Irving , 
Os borne and Wi lson , 1979). 
3. Administration of la be l led precursors of amino acids and 
determination of inc orporation into various amino acids to determine 
physiologica l capacities (Moloo , Lang ley and Bal ogun , 1974; I rving , Os borne and 
Wi lson , 1979). 
4. In jection of la bel led amino acid(s) into haemolymph to de termi ne a 
rate of turnover (Col lett , 1 976; Irving , Os borne and Wi lson , 1 979). 
When free amino acid pools ore examined using method four , as was done 
in  th is study on M. sexta , the nature of the homeostatic regulation is revealed. 
Pioneer researchers in insect physio l ogy ,  struck by the h igh free amino acid 
leve ls in comparison to mammal ian systems , interpreted large haemolymph pool 
sizes and concent ration as evi dence of a static sink f unction , where changes 
in concentrations of specific amino acids indicat ed a changing tiss ue uti l ization. 
While this may indeed be true , l ittle attention has been devoted to measuring 
34 
the actual rates either of amino acids exchange between hemolymph and tissues, 
or the turnover of haemolymph amino acid pools. Tu rnover e xperiments can 
powerfu l ly and c le arly define the dynamic qua l ity of a system therein permitting 
basic questions to be answered and others appr oached with considera ble insight. 
In st udies on amino acid turnover in Ca l l iphora by Col lett ( 1976), and 
turnover of alanine and lysine in Phormia (Lev en book and Dinamarca, 1966), 
d issappearance of label from hemolymph pr edicta bly appeared to fol low fi rst­
order kinetics. Equations generated form a series of l i near regression analyses 
of log transform ed data in this study support these ear l ier o bservations, with 
corre lation coefficient, r2, val ues ranging from .85 to .95,  indicati ng a good 
fit of data to the gene rat ed dec ay equation. R egression equations for those 
amino ac ids with longer ha l f-l ives had the l ower corre lation values (histidine) 
of a bout .85. Th is is due to a smal ler change in detected radio activity among 
co l lection points, with a resul ti ngly smal ler among sums of squares, coup l ed 
with 'constant ' within sums of squares. Cir cumstance makes biological variation 
(with in error) more of a factor. 
I ncorporation of amino acids into haemolymph so lu ble p rote in is recorded 
only at 3 hours afte r ad min istration of la be l .  These val ues give rel ati ve rather 
than a bsolute rates of synthesis md �pearance of se lected proteins into 
haemolymph. No apparent relationship exists betwe en  concentration and /or 
quatity of amino acid in haemolymph and appearance of specific la be ls into 
haemolymph proteins. Since account is not ma de of amino acid inco rporation 
into p rote ins synthesi zed md reta ined by the tiss ues, a l l  ca lcu lations are 
underestimates of actual rates of incorporation. That d egradation of newly 
synthesi zed protein cou ld rapidly fol low i ncorporation is c:nother cause of 
underestimation. 
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A rum ber of co nclusions can be dra wn from th is stu dy. Firstly , the 
origina l premise that amino acids are stored in haemolymph is confirmed for 
h istidi ne ,  but th is a mi no  acid is c lear ly an exception to the dynamica l ly 
maintained amino acid constit uents in haemolymph. Secondly , amino ac ids in 
haemol ymph are regulat ed ,  as evidenced by the reproduci ble  stage specific 
concentrations and ha lf-li ves. Although by comparison with mammalian systems , 
this regulation is not as tight , it is clearly a major determinant of insect 
homeostasis. The special roles of certain amino acids , such as histidine in 
osmotic regulation , pro l ine in energy production , and glutamate in neuro­
muscu lar activity , could just ify the lar ge quant ities and concentrations present 
in Manduca haemolymph. From the apparent constancy of h istid i ne in 
haemolymph , coup led with the reproduci bi l i ty of stage specific concentrations 
of other ami no acids , o ne  can infer that changes in blood volumes during 
deve l opm ent are active and compensated , there by s upporting the concept of 
active regul ation. Last ly , st udi es  on amino acid-incorporation into haemolymph 
protein demonstrate a rapid exchange of amino acids between ce l ls and 
haemolymph. Since these exchanges appear to be independent of the quantites 
of amino ac ids present in haemolymph , mechanisms of amino ac id uptake into 
cel ls are pro ba bly ener gy dependent o r  at least m ediated. 
Acknowl edgem ents: S upported in part by Nationa l Institutes of Health Grant 
No. Al-12779. 
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V. EP ILOGUE 
High amino acid leve ls found in insects have intuitive ly intrigued insect 
physiologists, yet after near ly ha lf a century, a l l  that has been glean ed consists 
of a wealth of data on their concentrations in haemolymph and /or haemoplasm. 
In virtual ly a l l  of these st udies, amino acid levels were measur ed with reference 
to a fixed time (i.e. a single co l lection), l ittle account being taken of the 
actual kinetic properties of the various amino acid pools within haemolymph. 
In this l ight, it is not surprisi ng that dramatic fluctuations of amino acid leve ls 
in response to environmental changes were interpret ed as evidence both that 
amino ac id pools are not regu lated, and that amino ac ids are passive ly stored 
in haemolymph and uti l iz ed accordi ng to tiss ue needs. Un l ike vertebrates, the 
open circu latory system in insects places blood in direct contact with body 
tissues, thereby permitti ng free exchange of nutrients and waste products 
between blood and ce l ls. The present study on turnover of haemolymph amino 
acids in the tobacco hornworm, Manduca sexta , reveals exchanges that are 
both rapid and dy namic, thus d ispe l l i ng the notion that haemolymph pools are 
maintained statica l ly. Fluctuations in the respective titers of amino acids 
during de vel opment c learly ref lect changing tissue req uirements. Regardless, 
the steady state concentrations of these amino acids are regu lated, parti cular ly 
in response to changes in haemolymph osmotic pressure. For example, h istidine 
serves as a major (i.e. more than 5%) osmotic con tr i butor in the haemolymph 
of most insects and has a hal f- l ife from 50 to I SO hours in M. sexta. In 
contrast, alani ne, which l ike histidine is present at relatively constant levels  
throughout larva l-pupa l deve lopment, is not only not stored in haemolymph, 
but to the contrary is rapidly turn ed over with a ha lf-l ife of less than 2 hours. 
In addition to direct i ncorporation into prote in, alanine can be converted to 
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pyruvate fol lowing deamination, which in tu m can th en e ither enter the c itric 
acid cycle or �on oxidation to acetate can be uti l iz ed in fat synthesis. 
A lthough not empirica l l y demonstrat ed, at the pink strip stage pro l ine is most 
l ike ly uti l i z ed as a s ubst rate for energy p roduction, whereas during the last 
two d ays of the larva l-pupal transformation, high rates of pro l ine turnover 
pro ba bly reflect i ncorporation into cuticu lar protein. Glutamate, which also 
displ ays a short ha lf-l ife and wi de fluctuations in concentration, p lays an 
important ro le in neuromuscu lar regu lation in conj unction with gamma ­
ami nobutryric acid (Jungreis and Omi lianowski, 1980). A lthough no special 
ro les can be assigned with confi dence, other amino ac ids displ ayed re lative ly 
short ha lf- Jives, in the range of 5-10 hours, again i ndicating dynamic regulation. 
LI ST OF REFERE NCES 
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Table A-1. Abbreviated staging criteria for diet reared (24-25°C) Manduca 
sexta before, during and after the larval-pupal transformation. Detailed 
descriptions of staging criteria have been summarized in Jungreis ( 1 979). 
Stage Time Characteristics 
feeding fifth I day before 7.5-10 g turquoise-blue larva ; 
ins tar pink stripe initiation of wandering 
pink stripe 5 days before I arva 1- dorsal aorta visible; pink 
pupal ecdysis stripe (ommochrome pigment) 
along dorsum 
Day I 4 days before animal continues to be motile; 
larval-pupal disperal of ommochrome 
ecdysis pigment; initiation of 
ocellar retraction. 
Day 2 3 days · before larval- animal bends or twists, but is 
pupa I ecdysis not motile; ocellar retraction 
complete. 
Day 3 2 days before larval- clear ecdysial line on dorsum 
pupal ecdysis of thorax; animal unable to 
bend or twist. 
Day 4 I day before larval- dorsal patches of pigment on 
pupal ecdysis metathorax on both sides of 
ecdysial line 
Day 5 day of I orval-pupal ecdysis of larval cuticle; 
ecdysis thorax light green becoming 
light brown; probosc is and 
wing sacs extended; abdomen 
more deeply tanned than 
thorax. 
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